Aims. The ultimate goal that has motivated this work is to achieve realistic oscillator strength (g f ) values to find reliable values of stellar abundances. We aim to compare the g f valúes of Xe ii lines found with different theoretical and experimental methods.
Introduction
Not long ago, Yuce et al. (2011) published a work where oscillator strengths of 100 Xe ii lines were inferred from UVES spectra of four HgMn stars: HR 6000, HD 71066, 46 Aql, and HD 175640 . With the starting model parameters derived from photometry, the authors used, in turn, the codes ATLAS9, SYNTHE, ATLAS12, and WIDTH to obtain synthetic spectra and abundances of many elements and ions, among them Xe ii.
In principle, this work is the more extensive source of "experimental" oscillator strength (g f ) values for Xe ii, as can be verified by comparing with the National Institute of Standards and Technology (NIST) database.
In addition, Yuce et al. (2011) considered blueshifts up to 0.1 Å from the predicted wavelength of some Xe ii lines (according to the established level scheme), of a priori unidentified stellar lines. Since similar shifts are characteristic of the high current discharges used in many laboratories to obtain Xe spectra, the data of Yuce et al. (2011) provide a good standard to compare laboratory measurements affected by plasma effects (see below).
With respect to the works made about the Xe ii spectrum, since the early papers published in the '30s by Humphreys et al. (1931) , Boyce (1936) , and Humphreys (1939) , several works have been completed regarding energy levels and spectrum of
Xe ii, transitions probabilities, line shifts, and widths. On the basis of the published material, Hansen & Persson (1987) reported a revised and complete analysis of the data. Extensive analysis of Xe spectra were performed at the Centro de Investigaciones Ópticas (CIOP, La Plata, Argentina). Some of these works (Persson et al. 1988; Gallardo et al. 1993 ) are related to Xe ii, and they were used as sources of data by Saloman (2004) in his critical compilation. A&A 581, A63 (2015) methods, which are mandatory approaches because of the relatively high Z of Xe. We organize this paper as follows: in Sect. 2 we describe the technique we have used in obtaining the atomic Xe ii structure and spectra; in Sect. 3 we present our work methodology and our results; and in Sect. 4 we present our conclusions.
Obtaining the structure and spectra of Xe ii
As is well known in modern spectroscopic analysis, once a number of levels have been found by empirical spectrum analysis, the theory can be used to calculate "the best" possible wavefunctions and, from these, radiative and collisional parameters (g f values, excitation, and ionization cross sections, etc.). Of paramount importance in the theoretical calculations is the concept of configuration interaction. The "experimental" wavefunctions are expressed in terms of the Hartree-Fock orbitals, which are taken as the base functions. So, the configurations 5s5p6 and 5s2 5p4 (6s + 7s + 8s + 5d + 6d + 7d + ...), for example, can be treated together and pure designations are, many times, of little or null significance. Then, a given |γJi level is expressed as |γJi = P β y γ β j |βJi in terms of the H-F base functions |βJi (Cowan 1981). It is expected that an expansion with a manageable small set of |βJi functions can be sufficient to give reasonable g f values if the configurations are judiciously chosen (especially if the configurations have the same principal quantum number and/or the energies of the configurations are similar).
Taking into account that the empirical structure of Xe ii is well known (Hansen & Persson 1987) , we have proceeded to perform calculations using the set of versatile codes from Cowan (1981) . These codes are based on a quasirelativistic configuration interaction approach, allowing a least-squares fitting of the levels. With these codes, we worked in three different ways: i) We consider the electrostatic Slater parameters, F 2 (5p; 5p), F 2 (5p; nl), G k (5p; nl), and R k (i j; tu), and the spin-orbit parameter, φ nl , from the least-squares adjustment of the levels (semiempirical analysis) of Hansen & Persson (1987) ; we call this the Hansen-Persson least-squares (HPLS) approach. ii) We select the same configurations of Hansen & Persson (1987) , but perform the purely ab initio calculations with proper scaling factors; we call this the Hansen-Persson Ab Initio (HPAI) approach. iii) We use an extended set of congurations judiciously chosen in a purely theoretical form; we call this the Ab Initio Many Congurations (AIMC) approach.
The theoretical results, obtained through the HPLS, HPAI, and AIMC approaches, have already been analyzed and compared, among themselves, and with the experimental approaches; e.g., Di Rocco et al. (2000) . Reaffirming their conclusions, we find that the three approaches are all reasonably consistent and, therefore, some degree of quality can be conferred to all our calculations. Given this, we may choose any set of theoretical results to compare them with the results of Yuce et al. (2011) , which is our aim. We may also take into consideration all of our theoretical results and obtain a final result as
Furthermore, we have used the code FAC from Gu (2008 Yuce et al. (2011) . Therefore, to simplify and streamline our research, we use the results we obtained with the HPLS approach to work.
Calculations and results

The calculation of the oscillator strengths
Following Cowan's nomenclature (1981), the calculation of transition probabilities, A i j , and related weighted oscillator strengths, g f i j , are related to the calculation of line strength
where P (1) is the dipole moment of the atom measured in units of −ea 0 . When the energies are measured in Rydbergs, the relation between g f and S is given by
The states |γJi = P i a i φ i and |γ
can be constructed basically in two ways: configuration interaction and multiconfiguration expansions. In the first case, the coefficients a i are fixed by the theory and the φ i are optimized; in the second case, both the a i and the φ i are optimized. The more useful codes using the CI approach are Cowan's (quasirelativistic) and Gu's (relativistic) codes; among others, the MCDHF approach is due to Froese Fischer (1997) and Grant (2007) . We use the two CI treatments from Cowan and Gu because both of those are free and straightforward to use. In our opinion, the methodology of Cowan is convenient: we can use a least-squares fit of the levels and scale the radial factors (Slater integrals F k , G k and ζ nl ) in that process. Then, that scaling process indirectly takes several difficult aspects of the many atom theory (exchange, correlation, etc.) into account.
A brief about the line widths and shifts
When atoms and ions are immersed in plasma characterized by their electron temperature, T e , and electron density, N e , the energy levels are shifted with respect to the ideal situation of the "isolated" atom (Griem 1964) . Furthermore, the spectral lines are broadened because the collisions with free electrons shorten the lifetime of the excited electrons in the atoms. There are diverse mechanisms of plasma broadening but, because in the laboratory experiments the spectra of Xe ii are obtained using high current pinched discharges (T e ≈ 1−2 eV, N e ≈ 1 × 10 16 −1 × 10 17 cm −3 ), the more important mechanisms are those generically called pressure broadening (in particular, interactions with charged particles), which are treated mathematically via the impact approximation (Griem 1997; Sobelman et al. 1995) .
Although we do not make explicit calculations about shifts (d) and widths (w), we recall that the calculation of both, d and w, as well as the behavior of T e and N e , are very complex (see Sahal-Bréchot et al. 2014 , as well as Peláez et al. 2009a,b) . Summing up, in the semiclassical approximation both, shifts and broadenings, are basically proportional to N e T −1/2 e . A63, page 2 of 6 H. O. Di Rocco et al.: On the line shift and oscillator strength of Xe ii lines in stellar spectra Regarding d, whereas for 6p−6d and 6p−7s transitions d ≈ 0.1 Å, for 6s−6p and 5d−6p transitions d is, in general, much lower because the initial and final levels are shifted almost the same amount. Stark parameters of some XeII lines were measured by Peláez et al. (2009a,b) for the 6p−6d, 6p−7s, 6s−6p and 5d−6p transitions. For the two last cases, experimental errors are, sometimes, a significant percentage of the measured Stark shifts. For comparison, it is important to establish that in the works of classical atomic spectroscopy, where the lines are measured on photographic plates, the accuracy is, typically, of the order of 0.01 Å.
Results
General trends
To begin with, we compare the g f values published by Yuce et al. (2011) with our theoretical g f values. From our calculations carried out, including the 5s2 5p4 6p, 5s 5p6, 5s2 5p4 6s, 5s2 5p4 7s, 5s2 5p4 8s, 5s2 5p4 5d, 5s2 5p4 6d, and 5s2 5p4 7d configurations, we have been able to identify 91 of the 98 lines for which Yuce et al. (2011) have found stellar g f values. In Table 1 , third and fourth columns, the stellar g f values, obtained by Yuce et al. (2011) , and the theoretical values we obtained with the Cowan Code, are shown for these 91 lines. For these 91
Xe ii lines, we analyze, at first, the ratio between our theoretical g f values and the g f values inferred by Yuce et al. (2011) from UVES spectra of HgMn stars, g f th /g f st . From this preliminary analysis, it has been apparent that some lines are too far away from the theoretical values to be adjusted. Therefore, we eliminate seven lines for which the ratio g f th /g f st > 6 from any subsequent analysis. Our intention is not to do a line-by-line comparison, but rather to assess general trends and behaviors.
We believe that, perhaps, the shift between the stellar and theoretical g f values for the remaining 84 lines could be reduced by adjusting the radial integrals entering the g f calculation. We adjusted these radial integrals for each pair of atomic configurations to achieve the best possible fit for all lines arising from the pair. In Fig. 1, panels a) and b), we show two possible fits. In both panels, the logarithm of stellar g f values are shown as a function of the theoretical values. The adjustment for the 84
Xe ii lines is shown in panel a). In an attempt to improve this adjustment, we eliminted nine lines and obtained the fit shown in panel b). In Table 1 , fifth and sixth columns, the theoretical g f values are displayed for the 84 and 75 lines used in the first and second adjustment, respectively. Two important things have to be pointed out. First, adjusting the radial integrals does not significantly improve the correlation. In any case, the linear correlation coefficients take values between r = 0.61 and r = 0.63, as well as when nine lines are eliminated. Second, the factors that multiply the radial integrals range from 1.15 to 1.9 vary very little from one adjustment to another. Even if the correlation had improved, these factors that multiply the integrals are too large to account for the differences between the theoretical g f values to the stellar values.
In order to find some general trends in the ratio g f th /g f st , in Fig. 2 this ratio is shown as a function of λ. In panel a) the 84 lines are included. In panel b) seven lines have been removed to demonstrate that a clear correlation exists between the ratio g f th /g f st and λ. From Fig. 2 it seems that some systematic source of error is affecting the results. Notes. The first and second columns list the wavelength and the configurations which originate the lines. In the third column the values of log (g f ) inferred by Yuce et al. (2011) 
Individual behavior
We have taken 32 lines from the set of lines referred by Yuce et al. (2011) as without blend or noise; these are clearly isolated lines in the HR 6000 stellar spectrum . Wavelength, log(g f st ), log(g f th ), as well as |g f st −g f th | * 100/g f st , are shown in Table 2 for these 32 lines. In Fig. 3 the logarithm of stellar g f values as a function of the theoretical value is shown for these 32 lines. It is clear that the theoretical and stellar values keep a reasonable ratio for these lines (r = 0.87). We must not forget that inaccuracies in the values of g f directly translate into inaccuracies in the calculation of stellar abundances.
Conclusions
The correlation between g f th /g f st and λ, made evident in Fig. 2 , can be explained. On the one hand, the weaker a line, the more uncertain its astrophysical g f value. Since the g f values have a tendency to decrease as wavelength increases, the g f values of red lines are, in general, less accurate. On the other hand, the larger the wavelength, the larger the noise and the number of telluric lines in the spectra. This also lowers the accuracy of the results, as pointed out by Yuce et al. (2011) . In general, our theoretical results ( Fig. 3 . Note the systematic shift due to plasma effects (Griem 1964) observed in the wavelength of the lines associated with the 6d and 7s Xe ii energy levels from different spectral sources.
Several works have been published on this topic by diverse authors, some as old as that by Di Rocco et al. (1986) . Yuce et al. (2011) mention a discrepancy between their wavelengths measured from stellar spectra and those published by NIST, and they interpret the origin of this discrepancy as mostly due to incorrect energy levels. We establish now that, indeed, energy levels should undergo a shift in laboratory experiments. Therefore, it is clear that these lines are Xe ii lines, but shifted by plasma effects, as explained above. In fact, modeling a perturbing potential by an expression of the form V k (r) = P k C k r −k , we can infer that the energy levels and, therefore, the atomic lines are shifted when the atom is inmersed in a plasma instead of being isolated. The case k = 4 is of paramount importance in taking collisions with electrons into account. In the semiclassical approximation (Griem 1964) , both shifts and broadenings are proportional to N e T −1/2 e , where N e and T e are the electron density and electron temperature, respectively. In any case, stellar wavelengths could be considered the standard wavelengths whenever the densities in stellar atmospheres are smaller than 1 × 10 16 part. cm −3 .
